ABSTRACT Bilateral asymmetry of several morphological traits, tonic immobility reaction, and leucocyte ratio were studied in hens and cocks from four Spanish breeds of chickens (Castellana, Buff Prat, Red Villafranquina, and Barred Red Vasca) and an F 2 cross between Castellana and Buff Prat (C × BP -F 2 ). Any two or all three types of bilateral asymmetry (fluctuating asymmetry, directional asymmetry, and antisymmetry) occurred together for the same trait in the different breeds. There was a significant difference in relative asymmetry among breeds (P < 0.05) for feather and spur lengths in males, and considerable negative heterosis for relative asymmetry of leg and wing lengths in C × BP -F 2 males (-38 and -12%, respectively). The degree of relative asymmetry varied among traits and was between 3 and 12 times greater for spur length
INTRODUCTION
A kind of bilateral asymmetry in morphological traits is generally thought to be a useful indicator of environmental and genetic stress (Clarke et al., 1986; Leary and Allendorf, 1989; Parsons, 1990 Parsons, , 1992 . It is called fluctuating asymmetry (FA) and is characterized by a normal frequency distribution of right minus left side differences with a mean of zero (van Valen, 1962; Palmer and Strobeck, 1986, 1992; Palmer, 1994; Polak and Trivers, 1994; Swaddle et al., 1994) . In contrast to FA, directional asymmetry (DA) and antisymmetry (AS) are two other types of bilateral asymmetry that have not been generally associated with stress; they are characterized by normal distribution with a mean of not zero, and non-normal distribution with a mean of zero, respectively. That difference has led to the use of FA as a measurement of welfare and fitness at the individual level (Jones, 1987; Clarke, 1995; Moller et al., 1995) . It has been shown that females prefer males with symmetric sexual traits (Moller, 1992a) , and 453 in males and for wing bay area in Villafranquina males. There were significant differences among breeds (P < 0.05) for tonic immobility duration. The duration of tonic immobility was positively associated with the mean relative asymmetry of all traits in females from the Villafranquina breed (r = 0.32; P < 0.05), but this finding was not consistent across the different breeds. No significant difference was found among breeds in terms of heterophil to lymphocyte ratio. Although there was no significant association between mean relative asymmetry of all traits and heterophil to lymphocyte ratio, males from the Villafranquina breed had a positive and significant relationship between relative asymmetry for wing bay area and leucocyte ratio (r = 0.34; P < 0.05). These results suggest that relative asymmetry measures did not provide a general tool to assess fear or stress susceptibility.
there is evidence of natural selection for symmetrical traits in birds (Balmford et al., 1993) . Manning and Ockenden (1994) found that low levels of FA for paired traits on the head and forelegs are a good indicator of general performance in racehorses, that is, symmetrical horses have higher ratings. Moller et al. (1995) proposed that levels of FA may represent a measurement of animal welfare status. They found a positive relationship between population density under controlled laboratory conditions in chickens (wild jungle fowl, a slow-growing bird, and two fast-developing breeds) and FA. Tonic immobility (a traditional measurement of fearfulness; Gallup, 1979) tended to be weakly positively associated with FA. Yang et al. (1997) and Yang and Siegel (1998) compared the bilateral asymmetry in two White Leghorn lines selected for high or low antibody response to sheep red blood cells, their reciprocal crosses, and two sublines in which selection had been relaxed. They suggest that bilateral asymmetry can be a valid measure of genetic stress and fitness. The purposes of the present study were to 1) measure the bilateral asymmetry of morphological traits in males and females of four breeds of chickens and a synthetic population that originated from a cross between two of them and 2) determine the relationship between bilateral asymmetry, tonic immobility, and heterophil to lymphocyte ratio (a measurement of stress in chickens; Gross and Siegel, 1983 ).
MATERIALS AND METHODS
Four different Spanish breeds of chickens (Castellana, Buff Prat, Red Villafranquina, and Barred Red Vasca) and an F 2 population between Castellana and Buff Prat (C × BP -F 2 ) were used in this study. They were maintained at the experimental station of El Encín (Madrid, Spain), in a conservation program of genetic resources started in 1975 (Campo and Orozco, 1982) , and have been described by Campo and Orozco (1980 , 1984 and Campo and Alvarez (1988) .
All populations were reared altogether. Females were reared with males (mixed sex) until 10 wk of age and then without males (separate-sex) to 18 wk of age. At 18 mo of age, a total of 225 females and 175 males (45 and 35 from each population, respectively) was randomly selected for measurements of bilateral traits. The recorded morphological traits were right (R) and left (L) shank (metatarsus), wing (radius), second primary feather, and spur lengths (in males). All dimensions were measured in millimeters using a digital caliper. Trait length was the mean of the right and left traits [(R + L)/2]. The pheomelanin pigmented area of the wing bay was calculated for each side in males from the Villafranquina breed; it was measured in square centimeters. All traits showed normal frequency distributions. Heterosis in the C × BP -F 2 population was calculated as the deviation from the parental breed mean and was expressed as a percentage.
Fluctuating asymmetry for a trait was defined by the unsigned or absolute differences between sides [|R -L|]; the unsigned value as an index of FA (equivalent to the mean deviation) is more appropriate for these data than indices using the variance of right minus left sides. Before analyzing FA, the presence of DA and AS was tested by inspection of the distribution of signed right minus left differences (R -L); the Shapiro-Wilk (W) and t-statistics were used to test for normality of distribution (Shapiro and Wilk, 1965 ) with a mean of zero. A positive relationship was found between the mean value and asymmetry of a trait. This effect was removed by dividing the unsigned asymmetry score by the trait mean, defined as the relative FA: 2|R -L|/(R + L). Mean relative asymmetry in each breed was defined as the mean of the relative asymmetries of the different traits. Also, the mean relative asymmetry of each trait was calculated across breeds.
To test for differences in length or asymmetry among breeds, one-way analysis of variance was used for all traits with the fully randomized statistical model x ij = µ + B i + e ij , where x ij = analyzed value, µ = overall mean, B i = effect of breed (i = 1…5), and e ij = residual (j being 45 in females and 35 in males). Relative FA for all traits had distributions that were not normal; they were transformed to arc-sin square root prior to analysis. When significant at P < 0.05, differences between means were analyzed by the Student-Newman-Keuls' multiple range test (Snedecor and Cochran, 1980) . On 2 different d, tonic immobility duration and heterophil to lymphocyte ratio were measured. Tonic immobility was induced, as soon as a bird was caught, by placing the animal on its back with the head hanging in a Ushaped wooden cradle (Jones and Faure, 1981) ; the bird was restrained for 10 s. The observer sat in full view of the bird, about 1 m away, and fixed his eyes on the bird. If the bird remained immobile for 10 s after the experimenter removed his hands, a stopwatch was started to record latencies until the bird righted itself. If the bird righted itself in less than 10 s, then it was considered that tonic immobility had not been induced, and the restraint procedure was repeated. If the bird did not show a righting response over the 10-min test period, a maximum score of 600 s was given for righting time. Testing took place between 0900 and 1400 h.
To obtain the heterophil to lymphocyte ratio, birds were carried to a separate room, and collection of blood was made immediately. Two drops of blood were taken from a small puncture in the comb of each bird, one drop being smeared on each of two glass slides. The smears were stained using May-Grü nwald and Giemsa stains (Lucas and Jamroz, 1961) , approximately 2 to 4 h after preparation with methyl alcohol fixation. One hundred leucocytes, including granular (heterophils, eosinophils, and basophils) and nongranular (lymphocytes and monocytes) ones, were counted on one slide of each bird, and the heterophil:lymphocyte ratio was calculated. Productmoment correlations between relative asymmetry with tonic immobility and leucocyte ratio were calculated within breeds; logarithmic and square root transformations were used for tonic immobility and leucocyte ratio, respectively, prior to analysis.
RESULTS
There were significant differences (P < 0.05) among breeds for leg, wing, and feather lengths in hens (Table  1) , with Barred Vasca having significantly longer wings but shorter primary feathers. The legs of the Buff Prat hens were significantly longer than those of hens from the other breeds, whereas hens from the Castellana had significantly shorter wings. The leg and wing lengths for the C × BP -F 2 cross did not differ from one of its parental breeds but differed significantly from its other parental breed; heterosis was low in both traits. The difference in primary feather length among the C × BP -F 2 cross and its both parental breeds was not significant, with heterosis being essentially zero.
Breeds differed also significantly (P < 0.05) for leg, wing, feather, and spur lengths in males (Table 2) . Sexual dimorphism with larger values for males than females was apparent in all traits. Legs were longest for the Buff Means within the same row with no common superscript differ significantly (P < 0.05). Prat and shortest for the Castellana breed, the latter having also the shortest wing lengths. The Castellana and Villafranquina breeds had longer primary feathers, whereas spurs were significantly longer in males from the Vasca and Villafranquina breeds. The legs of the C × BP -F 2 males did not differ from those of males from the Castellana and were significantly shorter than those from the Buff Prat breed, heterosis being very small. Percentage of heterosis was not very high for wing and primary feather lengths; the lengths of the C × BP -F 2 cross were similar to those of one parental breed and were longer than those from the other parental breed. The spurs of the C × BP -F 2 males were longer than those of males from either parental breed with heterosis being considerable.
No evidence was found that the signed asymmetry differed from zero for leg length in the Buff Prat and Barred Vasca females or for the four breeds of males (Tables 1 and 2) ; however, the Shapiro-Wilk test for departure from normality revealed evidence for AS in males from the four breeds and in females from the Buff Prat breed; there was not a significant Shapiro-Wilk statistic for females from the Barred Vasca breed, indicating FA. The right leg was consistently longer than the left leg, indicating DA, in females from the Castellana and Villafranquina breeds.
Females and males had the same kind of asymmetry for wing length in the Castellana, Villafranquina, and Barred Vasca breeds. The Castellana and Villafranquina had FA, whereas the Barred Vasca showed AS for this trait. There was a statistically significant difference between sides for wing length in females from the Buff Prat, which showed DA, with the left wing being consistently longer than right wing; Buff Prat males had AS for wing length. The Castellana, Villafranquina, and Barred Vasca breeds showed also similar types of asymmetry for second primary feather length in females and males. Signed right minus left differences of the feather length were not significant in the Villafranquina and Barred Vasca breeds, both exhibiting normal distributions (FA). In the Castellana breed there was DA; the left side was consistently longer than the right side in females, the direction being the opposite in males in which the left was less than the right side. In females from the Buff Prat, there was negative DA for this trait, whereas the males had FA.
For spur length, there was normal distribution for right minus left bilateral differences in males from all four breeds; signed differences did not deviate significantly from zero (FA) in the Villafranquina and Barred Vasca breeds, whereas they did in males from the other two breeds (DA); bilateral differences were positive in the Castellana, and, in contrast, they were negative in the Buff Prat breed. The C × BP -F 2 males showed FA for spur length, the same as C × BP -F 2 females for leg, wing, and feather lengths, whereas C × BP -F 2 males had DA for these traits, with the right length being consistently shorter than left length.
Differences in FA between birds were not slight; mean absolute asymmetry was between three and nine times greater than its standard error value. There was a significant positive correlation coefficient between the value of absolute asymmetry and character size (r = 0.55; P < 0.001); birds with larger morphological traits tended to have larger values of unsigned right minus left bilateral differences. Relative asymmetry was, therefore, used in the analyses to control this scaling effect. There were no significant differences among breeds (P < 0.05) in the relative asymmetry for leg, wing, and feather lengths in females (Table 1 ). The relative asymmetry was similar for the C × BP -F 2 cross and either parental-breed, with heterosis being high for leg, wing, and feather lengths.
The differences in relative asymmetry among breeds were not significant for leg length or wing length in males ( Table 2 ). The relative asymmetry for feather length was significantly larger in the Buff Prat and significantly lower in the Castellana. The relative asymmetry for spur length was significantly larger in males of the Villafranquina than that in males of the Barred Vasca breed. Although the differences in relative asymmetry among C × BP -F 2 males and their parental breeds were not significant for leg length, wing length, or spur length, there was evidence of considerable negative heterosis for leg and wing lengths, with heterosis being positive for spur length. For feather length in males, the relative asymmetry for the C × BP -F 2 cross was similar to its Buff Prat parental breed but was larger than its Castellana parental breed, with heterosis being high and positive.
Mean relative asymmetry of the three traits measured in females was similar in the Buff Prat (2.75 ± 0.21), Castellana (3.18 ± 0.34), Villafranquina (3.29 ± 0.31), and Barred Vasca (3.41 ± 0.28) breeds; the mean relative asymmetry of the C × BP -F 2 females (3.18 ± 0.33) did not differ from that of both parental breeds. No significant differences were found among breeds for the mean relative asymmetry of the four length traits in males; the values were 6.75 ± 0.76, 5.33 ± 0.55, 6.83 ± 0.61, and 5.29 ± 0.56 in the Buff Prat, Castellana, Villafranquina and Barred Vasca breeds, respectively. The mean relative asymmetry in the C × BP -F 2 cross (6.47 ± 0.98) was similar to that in either parental breed.
Mean relative asymmetry across breeds differed significantly in females for feather length (3.92 ± 0.21), wing length (3.34 ± 0.17), and leg length (2.03 ± 0.12). The mean relative asymmetry across breeds was significantly highest for spur length in males (10.98 ± 0.88). Similar to the values that were obtained from females, it was least for leg length (3.70 ± 0.46), intermediate for wing length (4.20 ± 0.33), and greatest for feather length (5.33 ± 0.39), although values for wing and leg lengths did not differ. The relative asymmetry for wing bay area in the Villafran- Means within the same row with no common superscript differ significantly (P < 0.05). quina males (26.16 ± 3.48) was much higher than that for spur length. Males from the Villafranquina breed exhibited directional asymmetry for the wing bay area without any significant evidence for departure from normality; the left side pigmented area was consistently greater than that of the right side (R -L = -4.04 ± 1.83 cm 2 ); mean of the right and left areas was 31.65 ± 2.01 cm 2 . There were significant differences among breeds in terms of tonic immobility duration (Table 3) ; hens from the Villafranquina and the Barred Vasca had significantly longer duration than the Buff Prat and the Castellana (P < 0.05), although cocks from the Villafranquina, Barred Vasca, and Castellana did not differ significantly among them. Cocks from the Buff Prat showed significantly shorter tonic immobility duration than those from the Villafranquina and Barred Vasca. Tonic immobility was significantly shorter in the C × BP -F 2 females with heterosis being evident and negative. Although the C × BP -F 2 males did not differ from either parental breed in terms of tonic immobility, negative heterosis was evident too. The heterophil:lymphocyte ratio did not differ significantly among breeds. The ratio was significantly higher in the C × BP -F 2 cross than those from either parental breed (P < 0.05); heterosis was high and positive in females and males.
The correlation coefficient between mean relative asymmetry of the different traits and tonic immobility was significant and positive in the Villafranquina females (r = 0.32; P < 0.05), suggesting that hens with a high level of morphological fluctuating asymmetry tended to have a high level of fearfulness. This positive association was consistent for all three traits and for feather length was significant (r = 0.30; P < 0.05). A similar correlation coefficient was found between relative asymmetry for leg Means within the same row with no common superscript differ significantly (P < 0.05).
1 C × BP = Castellana × Buff Prat cross (% heterosis in brackets).
length and tonic immobility duration in males from the Barred Vasca breed (r = 0.31; P < 0.05). On the contrary, females and males from the Prat breed had a significant but negative correlation coefficient between relative asymmetry for wing length and tonic immobility (r = -0.34 and r = -0.32, respectively; P < 0.05), suggesting that chickens with high morphological asymmetry tended to have low levels of fearfulness. A negative relationship was also found between relative asymmetry for wing bay area in Villafranquina males and tonic immobility reaction (r = -0.44, P < 0.01). Neither females nor males showed a significant correlation coefficient between heterophil to lymphocyte ratio and relative asymmetry for leg, wing, feather, or spur lengths. Males from the Villafranquina breed had a positive and significant relationship between relative asymmetry for wing bay area and leucocyte ratio (r = 0.34; P < 0.05), suggesting that cocks with more morphological asymmetry were more apt to become stressed. Neither females nor males had significant correlation coefficients between morphological characters and tonic immobility duration. Individual C × BP -F 2 females and Castellana males with shorter feather lengths or Villafranquina males with shorter wing lengths tended to be more stressed as demonstrated by negative and significant correlation coefficients between the characteristics of length and the heterophil to lymphocyte ratio (r = -0.47, -0.34, and -0.50; P < 0.01, P < 0.05, and P < 0.01, respectively). Individual C × BP -F 2 males had a significant and positive correlation coefficient between leg length and leucocyte ratio (r = 0.41; P < 0.05).
DISCUSSION
The four breeds showed considerable variation in leg, wing, and feather lengths. Although the difference for the Prat was expected because it has been traditionally selected for meat production as capons, differences for the Castellana and Vasca breeds are difficult to explain, because the flight ability of the Castellana is not worse than that of the other breeds, and the shorter feathers found on the Vasca are not accompanied by shorter wings. As expected, heavier Villafranquina and Barred Vasca males had longer spurs than lighter Prat and Castellana breeds. The overdominance showed by this trait is consistent with a secondary sexual characteristic subject to strong directional selection.
The mean values and heterosis percentages found for tonic immobility duration and heterophil to lymphocyte ratio are in agreement with those reported by Campo and Alvarez (1991) and Campo and Redondo (1997) . Breeds with shorter tonic immobility duration had greater values for heterophil to lymphocyte ratio and vice versa, suggesting a negative association between the two traits (Campo and Redondo, 1997) . The correlation coefficient in the present study was equal to that (-0.28) reported by Campo and Redondo (1996) .
Although DA was not expected, any two or all three types of asymmetry occurred together. These results are consistent with those from Yang et al. (1997) and Yang and Siegel (1998) , showing that not all bilateral asymmetries are FA and that there may be different distributions for the same trait among different populations. On the contrary, Moller et al. (1995) found only FA for leg, wing, and feather lengths in four different breeds. Leg and wing lengths generally had zero right minus left means, in accord with the notion that locomotion structures must be selected for symmetry in order to have normal function. Feather length always had normal distribution for right minus left differences. In contrast with these results, Yang et al. (1997) and Yang and Siegel (1998) found a strong tendency for DA for leg length and for AS for length of the first primary wing feather, suggesting that the types of asymmetry of bilateral traits are not consistent across breeds and that different breeds display different developmental stability under identical environment.
Considerable negative heterosis was found for relative asymmetry of leg and wing lengths in males. This heterosis value also held when FA was assessed by the absolute value of the natural logarithm of the ratio R/L as an alternative test recommended by Palmer and Strobeck (1986) when the magnitude of FA scales with the trait mean. Similarly, Yang and Siegel (1998) reported that heterosis percentage for relative asymmetry of leg length was considerable and negative in males, demonstrating enhanced fitness and developmental stability of population crosses. Nonadditive genetic effects may play an important role in FA (Woods et al., 1998) . However, negative heterosis values for relative asymmetry were not found either in females or in the other traits of males, indicating that sometimes there are relationships among levels of heterozygosity and morphological asymmetry and sometimes not.
The degree of relative FA varied among traits. This variation among traits suggests the convenience of a mean relative asymmetry from multiple traits as a reliable measure of developmental stability. Mean relative asymmetry showed that C × BP -F 2 birds had similar developmental stability as their parental breeds. In contrast, Yang et al. (1997) and Yang and Siegel (1998) found that the overall asymmetry of the two-line crosses was smaller than that of both parental lines, suggesting potential for the use of FA as a reliable indicator of genetic stress. Mean relative asymmetry did not differ among populations, implying that there were no differences in the ability of these breeds to cope with stressful environmental conditions. The elevated levels of relative asymmetry found for spur length and wing bay area agree with the fact that secondary sexual characters subject to directional selection appear to be more sensitive to environmental stress than ordinary morphological characters subjected to stabilizing selection (Moller and Pomiankowski, 1993) . In agreement with these values, Moller (1992b) indicated that sexually-selected traits, whether they be bird plumage used in courtship or spurs used in combat, typically show more FA than nonsexually selected traits. Similarly, Moller (1990) and Moller and Hoglund (1991) found that avian ornaments have larger degrees of FA than other morphological traits. Although FA is often negatively correlated to trait size in secondary sexual traits and positively related to size in other traits (Watson and Thornhill, 1994) , FA was positively related to size in all traits in the present study.
The duration of tonic immobility was positively associated with mean relative FA only in females from a breed, in agreement with the correlation coefficients reported by Moller et al. (1995) , suggesting that FA generates correlated changes in fearfulness. This positive association was also found between tonic immobility duration and relative asymmetry of leg length in males from another breed, but it was not consistent across the different breeds and traits. In this way, the value of the relative FA as an indicator of psychological stress seems to be restricted to some genetic stocks. Although there was generally no significant relationship between stress levels and FA, males from a breed showed a clear positive association between the heterophil to lymphocyte ratio and the relative asymmetry for the wing bay area. In agreement with these results, Yang et al. (1997) did not find a significant correlation coefficient between relative asymmetry and antibody response to sheep red blood cells.
In conclusion, relative asymmetry measures did not provide a general tool to indicate fearful or stress susceptibility in birds that had not been deliberately disturbed in any way. Utilization of fluctuating asymmetry as a biological monitor of environmental and genetic stress may be useful only in extreme conditions. Parsons (1992) concluded that relatively severe environmental stress is needed to increase fluctuating asymmetry under field conditions. Similarly, Fowler and Whitlock (1994) showed that FA may not be a reliable measure of genetic stress at the low levels found in most populations. Lacy and Horner (1996) indicated that the effect of genetic stress on FA is not strong. Secondary sexual characters, which do not require strict symmetry for functioning, may be strong candidates to measure fluctuating asymmetry in relation to environmental and genetic stress.
